Configuration-constrained potential-energy-surface calculations have been performed to investigate multi-quasiparticle high-K states built on superdeformed minima in 192,194,196 Pb, and 198 Po. 
I. INTRODUCTION
Nuclei with extremely enlongated shapes have stimulated considerable interest among nuclear structure experimentalists and theorists for decades (see, e.g., Ref.
[1] and references therein). Discrete γ-rays that characterize superdeformation have been observed in several mass regions of the nuclear chart, the A ∼ 150 and 190 regions being the most well known.
Since the first identification of the superdeformed (SD) band in 191 Hg [2] , over 80 SD bands have been observed in 25 nuclei in the mass-190 region [1] , constituting one of the most important data sets for the study of the superdeformation phenomenon.
Due to the difficulty in identifying linking transitions between SD and normally deformed (ND) bands presumably because of their low intensities and fragmented paths, the excitation energies, spin values, and parities of most SD bands are unknown. Intensity is generally transferred out of the bands before they reach the bandheads. Therefore the information concerning the structure of SD bands has been mainly obtained indirectly from the behaviour of the dynamic moment of inertia (J (2) ) versus the rotational frequency [3, 4] . For even-even nuclei in the A ∼ 190 region, the rise of J (2) of yrast SD bands has been attributed to the gradual alignment of pairs of high-j intruder orbitals as predicted in various mean-field plus cranking calculations with explicit pairing [5] [6] [7] . In addition to the lowest SD bands, nearyrast excited SD bands also exhibit interesting features. For example, it has been suggested that the enhanced E1 transitions observed to link excited and yrast SD bands in 190, 194 Hg [8, 9] and 196 Pb [10, 11] indicate octupole correlations in the SD minimum. This is supported by cranking plus random-phase-approximation (RPA) calculations which predict low excitation energies for octupole vibrational states in 190−194 Hg [12] , and by shell-correction calculations that indicate considerable octupole softness of the SD minima [13] . Furthermore, there must exist low-lying multi-quasiparticle (qp) states within the SD minima in this mass region, as commented on by Chasman [14] .
The authors of Ref. [13] have performed extensive calculations for various one-qp states based on SD minima in odd-A Au (Z = 79), Tl (Z = 81), Bi (Z = 83), and Hg (Z = 80)
isotopes. The results show a multitude of high-Ω configurations at low excitation energies some of which have been confirmed experimentally (see, e.g., Ref. [15] ). Another feature of superdeformation in the A ∼ 190 region which differentiates it from the A ∼ 150 region is that the SD minimum appears already at zero frequency [13] . This fact together with the occurrence of high-Ω orbits near the neutron and proton Fermi levels represents favourable conditions for the formation of high-K states. The possibility of the occurrence of SD high-K isomers in 196 Pb was discussed qualitatively in Ref. [16] . In Ref. [17] , a few low-lying oneand two-qp SD bands were calculated using the cranked Hartree-Fock-Bogoliubov model. In the present work, we focus on SD, high-K, multi-qp, isomeric states. A systematic search for favorable states for the formation of SD high-K isomers has been performed, through the calculation of multi-qp high-K states in the superdeformed minima in even-even nuclei of this mass region. Comparisons of the present calculations with others that include various collective degrees of freedom, e.g., β-vibration, γ-vibration [18] , or octupole-vibration [12] , may provide the context for evaluating a competing mode, high-K intrinsic excitations and their associated collective rotation, which would be particularly interesting experimentally.
II. THE MODEL
We have used the macroscopic-microscopic model with the standard liquid-drop energy [19] and microscopic shell and pairing corrections. Single-particle levels which are needed in the calculation of the microscopic energy are given by the nonaxial deformed Woods-Saxon (WS) potential [20] with pairing correlations treated by the Lipkin-Nogami (LN) method [21] . The LN pairing avoids the spurious pairing phase transition encountered in the usual BCS approach. As in previous works [22, 23] , the pairing strength (G)
is determined initially by the average gap method [24] and then adjusted to reproduce the experimental odd-even mass differences using a five-point formula in both experiment and theory. The energy calculation of the macroscopic-microscopic model is standard as given, for example, in Ref. [25] . For a multi-qp state, however, the microscopic energy contains the contribution from the unpaired particles which occupy the single-particle orbits specified by the given configuration − see our previous work [23] for the detailed formulae. Blocking effects from the unpaired particles are taken into account by removing the orbitals making up the configuration from the LN pairing calculation.
In the macroscopic-microscopic model, the deformation of a state is obtained by minimizing the corresponding potential-energy-surface (PES). The configuration-constrained PES calculation [23] for a multi-qp state requires the adiabatic blocking of the configuration orbits in the considered deformation space (β 2 , γ, β 4 ), i.e., the specific single-particle orbits are kept singly occupied while the deformation in the PES calculation is varied. This has been achieved by calculating and identifying the average Nilsson quantum numbers of every orbit involved in the configuration [23] . In the present model, the excitation energy which can be compared with experiment is obtained from the energy difference between the minima of the multi-qp and ground-state surfaces.
In order to see the relative energies between the multi-qp bandheads and the yrast SD states, we have performed pairing-deformation self-consistent total Routhian surface (TRS) calculations for the collective SD bands [21, 26] . Quadrupole pairing in doubly stretched coordinate space [27] has a negligible effect on energies, but it is included (with the strength determined by restoring the local Galilean invariance) because it has an important influence on collective angular momenta [28, 29] .
III. CALCULATIONS AND DISCUSSIONS
A. High-K intrinsic states, configurations and deformations there is some disagreement between experiment and theory that is known to be related to the predicted positions of high-N intruder orbits [28, 29] . As has been noted, our main purpose in calculating the yrast SD bands is to see the relative energy difference between collective SD and multi-qp SD states.
While the lowest two-qp high-K states in 192, 194 Pb are still about 1. vibrational mode in low lying SD bands. The SD-2 and SD-3 bands in Fig. 2 (c) for 196 Pb [11] have been proposed to be octupole-vibrational bands based on their calculations. Indeed, the low-K octupole character may explain the observed enhanced E1 transition.
The kinetic moment of inertia, J (1) , is an interesting observable which is sensitive to the intrinsic configuration. However, the configuration-constrained pairing-included Total- Routhian-Surface (TRS) method has not been always successful for the calculation of rotational bands associated with multi-qp configurations, due to a convergence problem of our code. But in the case of the lowest-energy state of a given seniority, the configurationconstrained TRS calculation do converge successfully. We have attempted such TRS calculations for the collective rotation of the 2 quasi-proton, 2 quasi-neutron K π = 14 + states.
The 14
+ 2 state has higher energy than that of the 14 + 1 state but the associated rotational band falls quickly with increasing rotational frequency due to the presence of the high-j Table III) high-K SD band in 196 Pb. The high-K results are in red, and the yrast SD results in black.
For a multi-qp state, the quadrupole moment is another important observable that provides information on the deformation and configuration. In the present model, the intrinsic quadrupole moment is calculated by
where q k is the singleparticle quadrupole moment of the k-th orbit given in the WS model. The first term gives the contribution from the unpaired particles that stay on the k j -th orbit, and the second term is from all the paired particles that occupy the WS orbits with probabilities V 2 k in the LN pairing model. Blocking effects are taken into account by restricting k ̸ = k j in the sum.
The quadrupole moment thus calculated is configuration-dependent. In Tables I, II, III, and IV, we tabulate the quadrupole moments for multi-qp and ground states. (One should notice that an extra systematic error (∼ 15%) should be added to the measured values due to the uncertainty associated with the stopping power [36] .) Of particular interest is that in Ref. [38] the lifetimes of both the yrast and one excited SD band [SD-2 band in Fig. 2(c) ] have been observed. The deduced quadrupole moments of these two bands have Table. III).
B. Evaluation of high-K rotational bands and isomeric decays in 196 Pb
While the results above show that there will be high-K states that fall not far from the yrast line, the question remains as to what extent such states will be both populated and result in isomers. As a step towards addressing this question, the associated rotational bands have been calculated for the case of 196 Pb, using the V M I formulation incorporating a configuration-dependent alignment, and beginning with moments-of-inertia obtained from fits with the Harris formula to the K = 0 (yrast) SD-band. The contributions of different components in the configuration are included using the approach discussed in Ref. [35] . Alignments for each orbital were calculated using the cranked shell model (CSM) and combined assuming additivity. As discussed in Ref. [35] , such a sum should be seen as the maximum alignment, since blocking will reduce the pairing, and thus the alignment, although this is likely to be a small effect in the present cases of very large deformation. Table III) , gain significantly, and approach the yrast region near spins of 30 . Some of these states are close to, and even lower in energy than, members of the octupole SD bands [39] , so they are bound to receive significant population.
Once populated, the high K-hindrance will help to confine the decay path to be within the band, maintaining the population down to the band-heads, more so than is the case in the K = 0 and octupole SD-bands where the population transfers out to the normally- for the present purposes we can adopt f ν = 100 for all cases.
A possible decay scheme constructed from the calculated high-K bands in 196 Pb is presented in Fig. 5 . Selected transitions are listed in Table V. The scheme and table do not include all possible decays but rather, those that are useful in highlighting the likely issues.
As well as the hindrances (F ) which scale according to the above assumptions as 100 ν , intrinsic decay strengths are required: the transitions involved are not collective and for simplicity we have assumed that "normal" strengths (those not involving K-hindrance) are specifically 0. The final column in Table V In contrast, as can be seen from Table V, To be consistent, there should be another qualification in the discussion above that relates to the alignment. Alignment is a manifestation of Coriolis mixing and therefore additional Kcomponents will be present in the wave-function, although these are probably less significant in the case of the 7 1 and 14 1 states that turn out to be of most interest in terms of isomers. A further consideration that is of interest is the prospect for probing general (random) mixing in regions of high level density that result in the dilution of the K-quantum number [40, 41] .
The isomers here are predicted to have lifetimes long enough that even with significant mixing, the resultant lifetimes could still be amenable to the techniques of time correlations.
They could therefore remain as a useful (direct) probe of such effects, an opportunity that was also recognized byÅberg [16] . The calculations presented earlier predict the lowest K π = 7 − 1 at 1189 keV in the SD well, not far above the odd-spin signature sequence of the observed SD band currently attributed to octupole vibrations [11] . As is common, intensity is transferred out of that band (presumably)before its (unknown) lowest states are reached, but extrapolation down from the observed 9 − member would place its 7 − state at about 900 keV. This is close enough to our predicted high-K state that it is appropriate to consider whether the structures could in fact be the same bands. There are several experimental properties that argue against this but possibly the most compelling is the absence of the expected cascade transitions between the odd-and even-spin signature partners in the case of high-K bands, as argued qualitatively in
Ref. [11] . The intensity ratio of the crossover (∆J = 2) to cascade (∆J = 1) γ-ray transitions (λ γ ) depends on the value of (g K − g R )/Q 0 which depends on the configuration. For SD bands the quadrupole moment is large (∼ 19 eb for these cases) thus generally favoring the ∆J = 2 transitions, but for the 7 in the analysis of competing E1 decays from the high-K bands.
IV. SUMMARY
We have performed configuration-constrained PES calculations for multi-qp high-K states based on SD minima in 192, 194, 196 Pb it is shown that because of the presence of high-j components in the multi-particle configurations, rotational bands based on these configurations could compete for intensity at the higher spins and thus be populated with significant intensities.
In several cases, the bandhead decays are predicted to be strongly inhibited, leading to isomers. These could provide an additional experimental sensitivity and also be used as probes of K-mixing in regions of high level density.
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